A B S T R A C T The membrane organization of the erythrocytes from patients with Duchenne muscular dystrophy was studied by means of electron spin resonance. The fluiidity of the membrane near the polar region of Duchenine muscular dystrophy ervthrocytes was similar to that of normal erythrocytes. The membrane environment in the nonpolar region, however, was quite different from that of normal erythrocytes, judged by the spectra with 2-(14-carboxytetradecyl) -2 -ethyl -4,4 -dimethyl -3 -oxazolidinvloxyl as probe. The temperature dependence of the ratio of the line height of central field to that at the low field showed two inflection points in normal erythrocytes at pH 7.4 (13.5°-16.5°and 37.5°-40.5°C, respectively) but the inflection point in the lower temperature range was not detected in Duchenne muscular dystrophy erythrocytes. When pH was varied, an abrupt decrease in the ratio was observed at pH 5.9-5.6 in normal erythrocytes whereas there was a gradual decrease over the range of pH from 6.6 to 5.0 in Duchenne muscular dystrophy erythrocytes.
INTRODUCTION
Duchenne muscular dystrophy (DMD)l is a progressive disorder inherited as an X-linked recessive trait. It
Receivedfor publication 27 May 1977 and in revisedform 7 October 1977. 'Abbreviations used in this paper: BSA, bovine serum albumin; Buffer I, 0.15 M NaCl-O.01 M Tris, pH 7.4; DMD, is associated with proximal musele weakness and atrophy, cardiac involvement, and a high rate of varying degrees of mental retardation (1) . Elevated levels of muscle enzyme activities in the serum and their depletioni in the mtuscle tissue have implied an abnormality in the plasma membrane as the probable site of the genetic defect, although the primary inherited metabolic defect is unknown. The elucidation of the primary biochemical defect with muscle specimens obtained from patients by biopsy is made extremely difficult by the presence of atrophy, fibrous tissue, the change in innervation that may cause multiple secondary biochemical changes, and by the small yield.
Recently, marked surface deformation of erythrocytes from DMD patients was observed by Matheson and Howland (2) . This observation was consistent with previouis results indicating possible abnormalities in cation transport (3) and lipid patterns (4) in erythrocyte membranes of DMD patients. Cell elastimetry also showed abnormal deformity to the erythrocytes of patients with DMD (5). This evidence indicated that the membrane abnormality also involved erythrocytes. The biochemical studies by Roses et al. (6) on phosphorylation in membrane proteins of erythrocytes from DMD patients also supports this general conclusion.
The electron spin resonance (ESR) technique has been well established as a valuable tool in the study of both biological membranes and model membranes since its introduction by McConnell and his co-workers in the middle 1960's. A multitude of publications show it has been applied with success to the erythrocyte membrane. The interesting studies by Butterfield et al. (7) (8) (9) implied differences in the spin label signals of erythrocytes from normal subjects and patients with Duchenne muscular dystrophy; ESR, electron spin resonance; G, gauss; 1 (12. 3), 2-(3-carboxypropyl)-4,4-dimethyl-2-tridecyl-3-oxazolidinyloxyl; 1(5.10), 2-(10-carboxydecyl)-2-hexyl-4,4-dimethyl-3-oxazolidinyloxyl; I(1.14), 2-(14-carboxytetradecyl)-2-ethyl-4,4-dimethyl-3-oxazol-idinyloxvl. myotonic muscular dystrophy. From these reports we decided to employ the ESR technique to examine the membrane organization of the erythrocytes from DMD patients compared with those of normal erythrocytes.
METHODS
13 Patients ranging from 6 to 14 yr of age were studied in the Medical Center, Muscle Clinic, University of Utah. The diagnosis of DMD was established by clinical history and examination, serum enzymes, electromyography, and muscle biopsy. As controls, normal males matched for age were used. Heparinized blood from patients and paired controls was obtained at almost the same time by venipuncture and plasma was removed by centrifugation. The cells were then washed three times in 0.15 M NaCI-0.01 NM Tris, pH 7.4 (Buffer I). Heparin did not affect ESR spectra when compared with those erythrocytes prepared without any anticoagulant by immediate centrifugation after blood was drawn. The washed erythrocytes from both patients and controls were stored at 4°C for [10] [11] [12] h in Buffer I and used for measuremiienits of ESR spectra within 24 h after venipuncture.
To label the erythrocyte membrane with a spin labeled stearic acid derivative, the bovine serum albumin exchange method was used (10) . Bovine serum albumin (BSA) solution (5% in Buffer I) was added to a Corex tube (Corning Glass Works, Science Products Div., Corning, N. Y.), the bottom of which had a thin film of spin labeled stearic acid derivative (1 mg/ml of BSA solution), followed by incubation at room temperature (22°C) for 12 h in the dark to form a BSA-fatty acid complex. Packed erythrocytes were then incubated with an equal volume of this BSA-fatty acid complex at room temperature for 2 h. The cells were again separated by centrifugation at 1,500 g for 10 min at 4°C and washed three times with 10 vol of Buffer I. When studying effects of pH on membrane fluidity, the packed erythrocytes with the spin labeled fatty acid derivatives incorporated were washed twice more with 10 vol of the indicated buffers (the details are given in the figure legends). During these procedures, the amount of hemolysis was <2% except when low pH was used, which caused increasing amounts of hemolysis; however, this did not exceed 5%.
To measure the reduction of the nitroxide radicals incorpo- established as a good parameter of fluidity (11) . The order parameter S was also used as a parameter of fluidity, calculated by the following equation (12):
where Tzz (30.8 G) anid TXX (5.8 G) are the maximum and the minimum possible splittings of the outer and inner pair of lines, respectively. To compensate for polarity differences in different environments, it was normalized by the factor a,la,,', a being the isotropic coupling constant for the label appropriate to the system being studied (12) . The accurate determination of T1' at low temperatures, however, was difficult. The ESR spectra of 2-(10-carboxydecyl)-2-hexyl-4, 4-dimethyl-3-oxazolidinyloxyl [1(5.10)] for normal and DMD erythrocytes were similar to those of 1 (12. 3) at temperatures below 15°C. When the temperature was higher than 15°C, however, the extreme peaks at the highest and lowest magnetic fields became broad and resulted in a split into two peaks, especially at the highest fields (Fig. 1) . These results suggest heterogeneous distribution of the radicals of this probe, each of which showed anisotropic motion, but with different degrees of freedom.
The ESR spectra of 2-(14-carboxytetradecyl)-2-ethyl-4,4-dimethyl-3-oxazolidinyloxyl [1(1.14)] at high temperatures showed an isotropic triplet hyperfine structure (13) with a distortion due to incomplete averaging of anisotropic hyperfine interaction. As temperature decreased, the asymmetry of the peak at the highest field became more prominent (Fig. 2 ). (14) is difficult to apply to our system due to a molecular tumbling speed much slower than 10-9 s, the lower limit for the equation's validity, and also the presence of some distortion by anisotrophy. However, since, as seen in Fig. 2, h1 , the peak height of the high field line, increases more rapidly with temperature than ho, the peak height of the midfield line, the ratio of peak heights, hoh1, may be used as an empirical relative measurement of fluidity. This parameter shows sharp temperature dependence (see below). The spectra of I(1.14) incorporated into erythrocytes have been treated as anisotropy in many papers and 2 T'p has been calculated from the distance between the peak at low field and the hollow at high field. As indicated by Ito and Ohnishi (15), however, 2 T'll values cannot be measured accurately from the spectra because the low field peak is not resolved. Several parameters obtained from the spectra of 1(12.3) and I(1.14) at 50 and 30°C are summarized in Table I . No parameters of the spectra of I(12.3) showed a significant difference between normal and DMD erythrocytes. On the other hand, hdh-, of the spectra of I(1.14) in DMD erythrocytes differed significantly from that in normal erythrocytes, both at 5°C anid at 30°C.
The ESR spectra of 1(12.3) and I(1.14) of four patients and four paired controls were measured at intervals of 2.5°C from 20 to 52°C. 2 T'll of the spectra of 1 (12.3) were plotted against temperature. The values for patients and controls were very close at all temperatures with no significant difference between them at any point.
The logarithms of the empirical paranmeter, hdh-, of the spectra of I(1.14) were plotted against the reciprocal Electrotn Spin Studies of Erythrocytes in Duchenne Dystrophy T'll were used as a parameter of fluidity, because accurate measurement of 2 T'll representing a relatively rigid domain was rather difficult, probably due to location of higher amounts of probe in the fluid domain. The patients' erythrocytes seemed to give more freedom to the radicals of I(5.10) than normal erythrocytes above 15°C but because only two dystrophy cases were studied the difference was uncertain.
Effects ofpH on the spectra of I( 12.3) and I(1.14) were studied. Lowering the pH from 7.4 to 5.0 induced only minimal changes in the spectra of I(12.3) both in normal and DMD erythrocytes (Fig. 4 a) , whereas the same treatment of both types of erythrocyte labeled with I1(1.14) resulted in marked changes in the spectra at high field strengths (Fig. 4 b) .
The parameters 2 T'll and hdh_, were plotted against pH. The maximum hyperfine splitting, 2 T'll, decreases slightly from 55.7 G at pH 7.4 to 54.4 G at pH 5.0 for normal erythrocytes, and from 55.7 G at pH 7.4 to 54.9 G at pH 5.0 for DMD erythrocytes (data not shown). On the other hand, at 30°C the empirical parameter ho/h_ changes abruptly at pH 5.9-5.6 in normal erythrocytes, although the change is gradual in DMD erythrocytes (Fig. 5) . This difference in pH dependence of hdh-, between normal and DMD erythrocytes could not be explained by a difference in the amount of hemolysis, because essentially the same amount occurred in both erythrocytes within this range of pH (data not shown).
The temperature dependence of the empirical parameter h/h-, at pH 5.0 in normal erythrocytes is in marked contrast to that at pH 7.4 (Fig. 6) . Exposure of normal erythrocytes to pH 5.0 causes much greater freedom of motion to the radicals and loss of both inflection points, always identified at pH 7.4 in normal erythrocytes. Reduction kinetics of the radicals of 1(12.3) by ascorbate were studied. As can be seen in Fig. 7 (18) have demonstrated that tight interaction between I(1.14) and hydrophobic protein in a model membrane system gives the spectra an anisotropic pattern. Our results imply that isotropic spectra of I(1.14) incorporated into erythrocytes are distorted by the slow tumbling speed ofthe radicals, probably due to tight protein-lipid interaction. The tight protein-lipid interaction in the organization of the erythrocyte membrane was also suggested by using the ESR technique and perturbing the membrane proteins (19) .
The empirical parameter, ho/h1, used here for interpreting the spectra, of I(1.14), clearly shows two inflection points on the temperature chart of normal erythrocytes. The precise cause of the inflections, however, is unclear. These results in normal erythrocytes correspond to the data observed by Bieri and Wallach (20) . By analyzing paramagnetic quenching data, they suggested the appearance of new proteinphospholipid binding at 15°C and its disappearance FIGURE 5 Effect of pH on ho//h of the spectra of l(1.14). The normal Exp. 1(0)/Exp. 2(A) or DMD patients' erythrocytes Exp. 1(0)/Exp. 2(A) were labeled with I(1.14) as mentioned in Methods. These treated erythrocytes were then equilibrated with 10 Normal erythrocytes were treated under the same conditions as described in Fig. 5 were divided into two parts. One part was preincubated with 0.5 mM phloretin at room temperature (22°C) for 90 min, and another part was kept in Buffer I at room temperature. Both parts were then mixed with 5 mM ascorbate, quickly followed by recording of the spectra at 300C. These data were obtained by using four different controls and four different patients in, four separate experiments, but in one experiment the lower than in normal erythrocytes, which also indicates that nonpolar domains in the DMD erythrocyte membrane are in a more fluid state than those in normal erythrocytes.
The membrane organization of intact erythrocytes has been reported to be relatively resistant to pH manipulation, using freeze-fracture electron microscopy (21) . Exposure of intact erythrocytes to low pH did not result in aggregation of intramembranous particles, probably proteins extending into or through the membrane. However, treatment of isolated membranes from human erythrocytes at pH 5.5 induced severe but reversible aggregation of the intramembranous particles (22) . Lowering pH also has been demonstrated to induce a change of cell shape from discocyte to stomatocyte (23) . These last observations imply that a change in membrane organization in both isolated membranes and intact erythrocytes could be induced by pH manipulation. Our results showing the pH dependence of the empirical parameter ho/h, of the spectra of I(1.14) incorporated into normal erythrocytes clearly demonstrate a change in membrane organization, although, as noted in Results, this pH treatmnent produced only a minimal change in the spectra of 1(12. 3).
The pH (5.5-5.9) which induces the abrupt change in h0/h-, in normal erythrocytes at 30°C corresponds approximately to that which induces the agglutination of intramembranous particles in isolated membranes but not in intact membranes (22) . The difference in pH effect between isolated membranes and intact erythrocytes, found in the electron microscope studies, might be related to the partial extraction of the erythrocyte membrane protein, spectrin (24) . The data reported (21, 22) and those presented in this paper suggest that lowering pH results in loss of tight proteinphospholipid interaction in intact erythrocytes but that the particles remain uniformly distributed, possiblN due to the effect of spectrin. The spectra of I(1.14) in intact erythrocytes at pH 5.0, which did not show line-broadening, favor this view because redistributioin and clustering of certain amounts of radicals cause the spin-spin interaction responsible for such broadening (25) (26) (27) . Turning to the pH dependeince of the spectra of I(1.14) incorporated into DMND erythrocytes, the eiimpirical parameter, ho/h1, decreases gradually during the lowering of pH at 300C compared to the abrupt change in normal ervthrocvtes. This seems to be further evidence of the difference in membraine organization between normal DMD ervthrocytes.
The spectra of 1 (12. 3) are essentially the same in both kinds of erythrocyte. We consider, however, that the spectra of 1 (12. 3) in the erythrocvtes were not suitable for making the difference in protein-phospholipid interaction clear, because pH reduction, which should induce structural changes in membrane proteins resulting in alterations of protein-phospholipid interaction, causes only a minimal change. The reductioni kinetics of the radicals of 1 (12. 3) in erythrocytes confirm this view. The radicals located in normal erythrocvtes were destroyed significantly faster by ascorbate than those in DNID erythrocytes even though a significanit differeinee in fluidity and coupling constant could not be demonistrated. There are two possible explanatioins of these results: (a) the radicals locate in a deeper portion of the DMD membrane than in normal erythrocvtes, or (b) the diffusion rate of ascorbate into DMD menmbranes is slower than into normal membranes. WVe favor the second possibility for the followinig reasons: (a) the carbonyl groups of 1 (12. 3) which must be located in the outer membrane ofthe bilaver (28) , should be anichored at the interface between polar and nonipolar regions, (b) the measured coupling constant is the samIle in both Electron Spin Studies of Erythrocytes in Duchenniie Dystroph2l 257 erythrocytes, (c) phloretin, which is known to interfere with permeability of hydrophilic nonelectrolytes into erythrocytes under the same conditions as those used here (29) (30) (31) , causes marked delay of destruction of the radicals by ascorbate. Although exact mechanisms controlling the rate of ascorbic penetration into erythrocytes are unclear we consider that intact membrane organization in the erythrocyte facilitates ascorbate diffusion into the membrane.
The data presented here clearly show an abnormality of membrane organization in DMD erythrocytes. The observation of Matheson and Howland (2) showing changes in the shape of erythrocyte from discocyte to echinocyte was not confirmed by other groups (32) . However, abnormal deformity of erythrocytes measured by elastimetry (5) and protein kinase alteration in the erythrocyte membrane (6) which has been successfully applied to the detection of DMD carriers (33) , together with our results, confirm the current concept that DMD is basically a membrane disease involving many tissues.
